Background/Aims: Human SIRT1 is reported to be involved in tumorgenesis, mainly due to its modulating effect on p53 by deacetylation on lysine382. A large quantity of SIRT1 inhibitors was applied in chemotherapeutic study, but few of them were applied into clinical trials. Methods and Results: In the current study, a novel series of compounds with 1,4-bispiperazinecarbodithioic acid methyl esters scaffold were characterized to have inhibitory potency to SIRT1 by molecular docking and biochemical evaluation. Further cell level study revealed that one of the most potent SIRT1 inhibitors, compound 3a, is cell active. It can upregulate the amount of p53 by accumulating the K382 acetylation of p53, which lead to the stabilization of p53 in human gastric cancer cell line MGC-803 cells. Meanwhile, we also found compound 3a can inactivate SIRT2 in cells, which suggests the compound as a nonselective SIRT inhibitor. Conclusion: All these findings indicate that compound 3a is a potent, reversible and cell active SIRT1 inhibitor and deserves further investigation as an anticancer agent or a biological tool.
Histone deacetylase (HDAC), a group of the histone modification regulators, has been characterized into three families that work together to keep global histone acetylation patterns. Among them, sirtuins (HDAC III) are distinctly different from HDAC I and II, since they deacetylate substrates in an NAD-dependent manner [1] [2] [3] .
Until now, 7 homologues of Sirtuin have been discovered in mammals, displaying various targets, cell functions and sub-cellular localizations [4] . Silent mating type information regulation 2 homolog 1 (SIRT1), the best characterized Sirtuin member in humans, shuttles between the nucleus and cytoplasm. Different location allows SIRT1 deacetylation not only of histone substrates but also of a large spectrum of transcription factors and cofactors, such as p53, STAT3, E2F1, DBC1, AROS, PTP1B, FOXO, c-Myc, Ku70, CBX8 and so on [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The first discovered non-histone target of SIRT1, p53, was suggested to play a central role in SIRT1-mediated functions in tumorigenesis [16] . As reported, p53 can be deacetylated and destabilized by SIRT1 with a specificity for the C-terminal Lys382 residue of p53 in vitro and in vivo [17, 18] . When the activity of SIRT was inhibited by inactivators, such as tenovin-6, p53 was activated and had the potential to decrease tumor growth [19] . The SIRT1 inhibitors were widely explored in various human cancers such as breast cancer, colon cancer, prostate cancer, chronic myelogenous leukemia, and lung cancer with anti-proliferation effects [11, [20] [21] [22] [23] [24] . Hence, SIRT1 was considered as a promising target for cancer therapy [25] .
In this article, with the aid of molecular docking and biochemical evaluation, we found a group of 1,2,3-triazole-dithiocarbamate hybrids as potent SIRT1 inhibitors, which was initially identified as weak anticancer agents by our group [26] . Further biochemical assay indicates that the most potent SIRT1 inhibitor, compound 3a, can reversibly inhibit SIRT1 on a recombinant level. Cell level experiments suggest that compound 3a can promote p53 stability and upregulate its expression by inactivating the deacetylation of SIRT1 on p53 K382 residue. All these results demonstrate that compound 3a is a potent and reversible SIRT1 inhibitor and may deserve further development as a SIRT1 inhibitor for cancer treatment.
Materials and Methods

Cells and Cell Viability Assay
The human gastric carcinoma cell MGC-803 was supplied by the Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences. Cells were cultured in DMEM medium, which was supplemented with 10% FBS. Cells were cultured in an incubator with 5% CO 2 at 37 °C with medium changes every 2 days.
The cell viability was determined by MTT assay according to the manufacturer's brochure. This assay measures dehydrogenase enzyme activity in metabolically active tumor cells, as reflected by the conversion of MTT to formazan, which is soluble in tissue culture medium and is detected by absorbance (A) at 570 nm. The production of formazan is proportional to the number of living cells, with the intensity of the produced color serving as an indicator of cell viability. The data were analyzed with Graphpad 6.0.
Molecular Docking
The structure of the SIRT1 binding site was obtained from the RCSB Protein Data Bank (http://www. rcsb.org/pdb). Docking simulations were carried out in two stages using AutoDock Vina designed and implemented by Dr. Oleg Trott in the Molecular Graphics Lab at The Scripps Research Institute [27] . To run autodock, we used a searching grid extended over the selected target proteins; polar hydrogens were added to the ligand moieties. Kollman charges were assigned and atomic solvation parameters were added. Polar hydrogen charges of the Gasteiger-type were assigned and the nonpolar hydrogens were merged with the carbons and the internal degrees of freedom and torsions were set.
SIRT activity assay
The prokaryotic expression vector of truncated SIRT1(193-747AA) was constructed with SIRT1 cDNA from Prof Hou-Zao Chen (Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences & Peking Union Medical College). Then the SIRT1 recombinant was induced and purified in E.Coli Bl21(DE3) and Ni-NTA(Qiagen). The peptide substrate used in the screening model was synthesized according to p53 sequence; it was comprised of ε-acetylated lysine and a conjoined 4-methyl-7-amide-coumarin moiety (AMC) at the carboxyl terminus of the RHKK sequence. The screening method contains two enzymatic catalysis reactions. Firstly, the peptide substrate is incubated with human recombinant SIRT1 along with its cofactor NAD+. Once the acetyl group is released form the peptide, the substrate can be recognized by trypsin in the second step, following by the release of the AMC fluorescence moiety. Finally, the free fluorophore can be detected using an excitation wavelength of 360nm and an emission wavelength of 460 nm. The reactions were suited to high-throughput screening, and the assay was performed in the 96-well microplate [28] [29] [30] .
Ultrafiltration and dialysis experiments
The dialysis assay was done as published [31] . Briefly, 1.5 μg of SIRT1 recombinant was incubated with 60 μM compound 3a, 10 μM EX-527, or DMSO for 30 min. Then the mixtures were dialyzed against tris-HCl buffer at 4°C for 24 h, and the buffer was refreshed each 24 h. After dialysis, the SIRT1 activity was analyzed by the protocol mentioned above.
Before the ultrafiltration assay, the incubation of SIRT1 with compound 3a, EX-527 and DMSO were also done for 30 min. A 10 kDa ultrafilter was used to isolate SIRT1 from the mixture by using a refrigerated centrifuge at 4°C and 4000xg. After each centrifuge, the effluent was aspirated. The buffer of the recombinant protein and compound were renewed.
Western blotting
Western blot was performed with the total lysates by RIPA or histone-purified with a kit from Epigentek. Equal amounts of cell lysates were denatured, separated by SDS−PAGE, and transferred to 0.2 μm nitrocellulose membranes. After blocking with PBS containing 5% nonfat dry milk, the membranes were incubated overnight at 4°C with primary antibody, followed by incubation with a horseradish peroxidaseconjugated secondary antibody. The immunoblots were visualized by enhanced chemiluminescence kit from Thermo Fisher. Antibodies used were against p53 (Santa Cruz no.sc-65334), Ac-p53(lys382) (CST, no.2525S), SIRT1(Abcam, no. 
Statistical Analyses
Data were expressed as the mean ± SD. The significance of the difference between different groups was determined with analysis of variance (ANOVA) and Student t-test. Results were considered statistically significant at P < 0.05. P < 0.01 was considered highly significant.
Results
Identification of compound 3a as a potential SIRT1 inhibitor
In our previous report, we found a group of 1,2,3-triazole-dithiocarbamate hybrids as LSD1 inhibitors [31, 32] . After that, we tried to optimized these compounds as a more potent LSD1 inhibitor, and a series of novel 1,4-bispiperazinecarbodithioic acid -methyl esters were synthesized and their anti-tumor activity were evaluated. Among them, compound 3a performed the most potent anti-proliferation activity in human gastric cancer cell line MGC-803 with IC50=11.15 μM. We further evaluated its LSD1 inhibitory effect by biochemical assay as published [31] . To our surprise, compound 3a performed no inhibitory effect against LSD1 recombinant. However, as compound 3a does not lose its anti-tumor effect completely, we hypothesize that it may target some other proteins that would lead to its anti-tumor activity. Using molecular docking (Fig. 1A) , we found that compound 3a may penetrate into the active cavity formed by GLN300, ARG301, GLU246, ARG235 and GLN260 in SIRT1 and form three hydrogen bonds with two residues. As visualized in Fig. 1 , one of the triazoles can form two hydrogen bonds with the -NH2 and -NH group of ARG235 at distance of 2.78Å and 2.284Å, respectively. Additionally, the fluorine atom at the para-position of benzene ring can form a hydrogen bond with GLN300 at distance of 2.212Å. All these hydrogen bond formation may lead to strong inhibitory effect of compound 3a against SIRT1.
Characterization of 1,2,3-triazole-dithiocarbamate hybrids as SIRT1 inhibitors
To further confirm our docking results, we evaluated the inhibitory effect of compound 3a against SIRT1 by biochemical assay. SIRT1 was recombined and purified from E.Coli, and fluorescence based SIRT1 inhibitor screening model was established using synthesized peptide Ac-His-Arg-Lys-Lys(Ac)-AMC as a substrate [33] . Consistent with our docking result, compound 3a can inhibit SIRT1 with IC50 = 1.08 μM, which indicated that compound 3a is a potent SIRT1 inhibitor. To further consolidate this group of 1,2,3-triazole-dithiocarbamate hybrids as SIRT1 inhibitors, all the previously published compounds were investigated for the inhibitory effect against SIRT1. As seen in Table 1 , most of them demonstrated strong SIRT1 inhibitory effects.
The docking result visualized the three hydrogen bonds between SIRT1 and compound 3a, which insinuates the non-covalent binding between these two molecules. We hypothesized that their interaction is reversible, and to prove this, a reversible assay was investigated by dialysis experiment against Tris-HCl buffer after SIRT1 was inactivated by a high concentration of compound 3a. After dialysis, compound 3a was removed from the SIRT1/compound 3a mixture, and the activity of SIRT1 was restored, which supports the claim of reversible inhibition of compound 3a, and indicates that compound 3a may inactivate SIRT1 by forming non-covalent bonds reversibly. Furthermore, an ultrafiltration experiment was also carried out to consolidate our result. 10 KDa ultrafilter was used to The reversibility of compound 3a to SIRT1 activity was determined by dialysis experiment (B) and ultrafiltration assay (C). ( * * ) P < 0.01 was considered statistically highly significant. All experiments were carried out at least three times. remove compound 3a after SIRT1 intermixed with compound 3a for 30 min at 37℃, and the activity of SIRT1 was evaluated before and after ultrafiltration. Similarly to the dialysis experiment, SIRT1 activity can also be recovered after ultrafiltration, which further supports the reversible inhibitory effect of compound 3a against SIRT1. The EX-527 was used as a control, which is reported to bind to SIRT1 through hydrogen bond and π-π interaction [34] .
Inhibitory effect of compound 3a against SIRT1 and SIRT2 in cells
As we have identified compound 3a as SIRT1 inhibitor on a recombinant level, we further evaluated its activity in cells. For this purpose, human gastric cancer cell line MGC-803 was chosen. Since the IC50 of compound 3a against SIRT1 is 1.08 μM and the IC50 to inhibit MGC-803 cells proliferation is 11.15 μM, we chose 5 μM, 10 μM and 15 μM of compound 3a for the treatment of MGC-803 cells for 48 h, and investigated the expression of p53, Ac-p53(Lys382) as the SIRT1 non-histone substrate and H4K16Ac as the SIRT1 histone substrate [16, 21, 35] . As presented in Fig. 2 , the acetylation levels of SIRT1 substrates, p53 and H4K16, were concentration-dependently elevated after compound 3a treatment, which demonstrates the cellular activity of compound 3a against SIRT1.
SIRT2, homologous to SIRT1, was found to be located in the nucleus related to cell cycle regulation inside the cytoplasm. Several compounds targeting both SIRT1 and SIRT2 were described to have much stronger antitumor activity both in vitro and in vivo, and SIRT2 has been recognized as a tumor therapy target [19, 36] . Hence, additional experiments to confirm the acetylation status of alpha-tubulin, a substrate of SIRT2, were also performed. We noticed that compound 3a promotes acetylation of alpha-tubulin K40 in a concentrationdependent manner either. In summary, we found that compound 3a acts as a nonselective SIRT1/SIRT2 inhibitor by increasing p53 acetylation at lysine 382, H4K16Ac and alphatubulin acetylation at lysine 40.
As shown in Fig. 2 , total p53 expression level was upregulated after treated with compound 3a. Frequent reports about activation of p53 by SIRT1 inhibitor can be found, but reports on more detailed mechanism are few [21, 35] . As reported in literature, the expression level of p53 is mainly due to the interaction between MDM2 and p53 [37] . Table 1 . Structures of compounds 3a-3o and their inhibition rate (IC50) on the purified SIRT1 recombinant in vitro. The reagents and conditions for the synthesizing compounds 3a-3o were reported [32] . Data are represented as the mean ± SD. All experiments were carried out at least three times Therefore, an experiment to confirm that the upregulation of p53 is due to the decreased degradation at protein level instead of the accumulation of p53 mRNA was carried out by treating cells with compound 3a singly or in combination with cycloheximide (CHX). Two different groups, the control group and the group treated with compound 3a (15 μM), were exposed to 15 μM CHX, and harvested at different time points. As seen in Fig. 3 , there is no significant difference between the two groups for the expression of SIRT1, and neither of them changes the expression of SIRT1. Nevertheless, the expression of p53 was timedependently increased when the cells were treated with compound 3a in combination with Fig. 3 . Expression of p53 when the cells were treated with compound 3a singly and in combination with CHX as indicated. Data are represented as the mean ± SD, (*) P < 0.05 was considered significant, (**) P < 0.01 was considered highly statistically significant. All experiments were carried out at least three times.
Fig. 2.
The acetylation status of SIRT1 and SIRT2 substrates were determined by Western Blotting after 48h treatment with compound 3a. The expression of total p53, Ac-p53(K382), SIRT1, H4K16ac Ac-alphatublin(K40) were evaluated, GAPDH and total H4 were used as loading control. Data are represented as mean±SD, (*) P < 0.05 was considered significant, (**) P < 0.01 was considered highly statistically significant. All experiments were carried out at least three times.
CHX, an inhibitor of protein biosynthesis in eukaryotic organisms, which indicated that the upregulation of p53 is due to the decreased degradation of p53. Based on these results, we can speculate that the SIRT1 inhibitor, compound 3a, can activate the expression of p53 by blocking the interaction of p53-MDM2, and enhance the stability of p53 at protein level.
Discussion
One concern should be taken into consideration is the IC50 of compound 3a, which is in micromolar range. There may be other possible targets of compound 3a. Actually, there are inhibitors of SIRT1 primarily found to be the p53 activators which are proved to inhibit SIRT1 [19, 21] . We found that compound 3a can increase both total p53 and p53 acetylated level, so compound 3a is absolute a p53 activator as well. At the same time, SIRT1 inhibitors were reported to block DBC1, apoptotic signal cascades, and enhance androgen receptor expression. And we can find a wide variety of stuff like that, but whether they are the target of SIRT1 inhibitor is elusive, further research is needed to be done to clarify them.
As we have reported [31] , another series of compounds based on 1,2,3-triazoledithiocarbamate hybrids structure have been proved to have inhibit potent aimed at LSD1, a lysine specific demethylase toward histone. Further research are undertaking in effort to discover novel compound targeted both LSD1 and SIRT1 so that the level of methylation and acetylation of histone can be both regulated.
Conclusion
A group of novel 1,2,3-triazole-dithiocarbamate hybrids were obtained in our initial experiment. With molecular docking and biochemical assay, most of them were characterized to inhibit SITR1 potently on recombinant level. On the cellular level, the most potent compound 3a stabilized p53 and promoted p53 expression as well as p53 K382Ac amount by targeting SIRT1, and also induced H4K16Ac accumulation. Furthermore, compound 3a inhibited SIRT2 on the cellular level, which led to the increasing amount of acetylation at alpha-tubulin K40. These compounds were further found to be cell active SIRT1 and SIRT2 inhibitors. As SIRT1 regulates a wide range of cellular and physiological processes, including cardiovascular diseases, type II diabetes, neurodegenerative diseases and cancer, while SIRT2 was proved to be useful in the treatment of neurodegenerative diseases and cancers [38] [39] [40] , SIRT1 agonists were applied for aging related diseases, and its antagonists were considered as anti-cancer agents. In contrast, there is no agonist has been reported for SIRT2 toward any pathological processes [41] . In terms of cancer therapy, there are articles about predominant effect of non-selective inhibitors on both SIRT1 and SIRT2 [36, 42] . Compound 3a had promising anti-proliferative activity as well as SIRT1 inhibitory effect. As a result, compound 3a could be considered a starting point for the development of new SIRT1 inhibitors. Zheng 
